The relatively low reproductive success of buckwheat (Fagopyrum esculentum Moench, Polygonaceae) is poorly understood. The question arises as to whether this distylous species is pollen or resource limited. We investigated the reproductive biology of buckwheat under controlled conditions in growth rooms and in the field in central Belgium in order to determine whether floral morph and pollination events may affect its reproductive success. In controlled conditions, flowering phenology and flower morphology of the two floral morphs did not differ. However, thrum flowers produced larger and fewer pollen grains and secreted more nectar, with a higher proportion of sucrose, than pin flowers. In the field, thrum flowers were preferentially visited by honeybees, but fewer pollen grains were deposited on their stigmas. However, numbers of pollen tubes growing in styles, seed set, and seed weight did not differ between morphs. Seed set was low under field conditions and did not increase after hand cross-pollinations, suggesting that there was no pollen limitation. These results indicate that factors other than floral morph or pollination events were governing female fertility in buckwheat.
Introduction
Buckwheat (Fagopyrum esculentum Moench) is a pseudocereal of the Polygonaceae family that has been cultivated for centuries in Asia, North America, and Europe for human and cattle consumption. Low seed set constitutes a major constraint to buckwheat culture in the main growing countries. The causes of this reduced fertility remain essentially unknown, although environmental stresses (high temperatures, water stress), resource limitations, inadequate pollination, and fertilization problems (defective reproductive organs, failure of fertilization due to self-incompatibility or seed abortion) have been investigated (Marshall and Pomeranz 1982; Bjö rkman 1995b; Goodman et al. 2001; Taylor and Obendorf 2001; Halbrecq et al. 2005) .
Fagopyrum esculentum is a sporophytic, self-incompatible, distylous annual crop (Nagamoto and Adachi 1985) pollinated by a diverse insect assemblage (Bjö rkman 1995b; Goodman et al. 2001; A.-L. Jacquemart, C. Gillet, and V. Cawoy, unpublished manuscript) . The nectariferous flowers are open for less than 1 d and have only one ovule. Buckwheat flowers are organized in racemes of cymes, and the flowering period at plant level is long lasting, depending on the duration of activity of the reproductive meristems, which produce inflorescences, cymes, and flowers (Quinet et al. 2004) . Pin flowers develop long styles that project 2-3 mm above the anthers. Thrum flowers present short styles reaching about the level of the middle of the filaments of the anthers. Fewer pollen grains were produced in thrum than in pin flowers (Ganders 1979; Namai and Fujita 1995) , and pollen grains of the thrum flowers are larger than those of the pin flowers (Marshall and Pomeranz 1982; SamborskaCiania et al. 1989; Namai and Fujita 1995) .
As in many other distylous species, thrum and pin plants are found in equal frequencies in buckwheat populations (Quinet et al. 2004 ). This balanced polymorphism could favor reciprocal pollen transfer (i.e., cross-pollination between anthers and stigmas of equivalent height in the floral morphs; Barrett 2002). However, the efficiency of such a mechanism often depends on pollinator effectiveness (Cesaro and Thompson 2004; Ornelas et al. 2004) . Since cross-pollination is necessary for reproductive success in both morphs, they should not differ in attributes that contribute to attracting or rewarding floral visitors, leading to equal reproductive success (Leege and Wolfe 2002) . In a minority of heterostylous plants, however, additional differences were recorded in stalk length, flower number, corolla shape and size, floral-tube pubescence, stamen or stigma orientation, or color of pollen grains (Boyd et al. 1990; Lloyd and Webb 1992; Massinga et al. 2005) . Several of these flower traits, including flower number, corolla size, and floral rewards, can influence pollinator attraction and thus pollination success (Zimmerman 1988; Goulson 1999; Pacini et al. 2003) . Such differences have not been reported in Fagopyrum species.
Honeybees (Apis mellifera, Hymenoptera) are considered the main visitors on buckwheat in many countries. However, their abundance could greatly fluctuate according to the region or the season, and their effectiveness is poorly evaluated (Bjö rkman 1995b; Goodman et al. 2001; A.-L. Jacquemart, C. Gillet, and V. Cawoy, unpublished manuscript) .
A number of possible causes, not necessarily exclusive, can thus account for the limited reproductive success of buckwheat. In this work, our aim was to further investigate morph traits in buckwheat and to determine whether morph differences may affect honeybee behavior and reproductive success and whether low seed set in this species could be attributed to inadequate pollination (illegitimate or limited pollen deposits). Our objectives were thus (1) to examine in controlled conditions the variation between morphs in reproductive structures and rewards that operate to attract pollinators, (2) to observe honeybee behavior on both morphs in field trials, and (3) to evaluate the degree of pollen limitation and seed production for both morphs in field conditions.
Material and Methods

Plants
Buckwheat (Fagopyrum esculentum Moench) seeds of the cultivar La Harpe were obtained from Agri-Obtentions (Guyancourt, France). This cultivar is a facultative, short-day (Quinet et al. 2004) , diploid plant developed by the Institut National de la Recherche Agronomique, Paris.
Experiments Performed in Growth Chambers
Culture conditions. In July 2004, reproductive structures and nectar production were investigated using plants cultivated in growth chambers of the Department of Biology, Université Catholique de Louvain, Louvain-la-Neuve, Belgium. Seeds were sown in peat compost in seed trays. Germination occurred within 3-4 d and, 8 d after sowing, the more vigorous plants were single-planted into plastic pots (0.7 L) filled with the same substrate. Light was supplied by Philips HPIT 400-W lamps (Philips Lighting, Brussels). The day/night cycle was 16L/8D, and the light irradiance at the top of the canopy was 120 6 20 mmol m ÿ2 s ÿ1 . Temperature was kept at 20°-21°C/16°-18°C (day/night) and relative humidity at 78% 6 5%. Axillary shoots were removed 28 d after sowing to facilitate plant accessibility and homogenize plant architecture.
Phenology and reproductive structure morphology. Flowering time was assessed by the number of days from sowing to first anthesis. From first anthesis to plant senescence, all flowers that had reached anthesis on all plant inflorescences were counted weekly (15 plants per morph), and when the experiment was discontinued after 5 mo of cultivation, the The open flowers were observed under a binocular light microscope, and perianth diameter, nectar zone area, length of stamens from the inner whorl, and gynoecium length (ovary base to the stigmas) were measured using a calibrated ocular micrometer. Pollen grains from one stamen of the inner whorl of flower buds collected before anthesis were dispersed on a glass slide in a drop of Alexander's solution (Alexander 1969) and observed under a light microscope. Viable pollen grains had a circular shape with red protoplasm, whereas aborted grains were oval and empty and exhibited green walls. After pollen viability percentage was estimated, the diameters of three viable pollen grains per flower were measured, still using a calibrated ocular micrometer.
Fifty-four and 56 d after sowing, two flowers from the fourth inflorescence were hand cross-pollinated by rubbing the anthers of one flower onto the stigmas of another compatible flower (25 plants per morph). Ripe seeds were harvested 6 wk later and oven-dried for 5 d at 60°C before dry weight measurement.
Nectar production and composition. Nectar was extracted using 1-mL glass micropipettes (Hirschmann Laborgerä te, Eberstadt, Germany). The volume of the nectar collected was estimated by measuring the length of the nectar column in the capillary tube.
Nectar secretion as a function of the time during the day of flower anthesis was investigated on the fiftieth day after sowing. Nectar was collected 2, 5, 8, and 11 h after the light was switched on from flowers that were opening on 12 plants of both morphs.
The effect of plant age on nectar production was studied by collecting weekly the nectar of successive flowers that reached anthesis on the fourth inflorescence during the protracted flowering period of the plant. Nectar from 15 plants of both morphs was harvested between 6.5 and 8.5 h after the light was switched on.
To investigate the influence of fertilization on nectar production, flowers from the fourth inflorescence were hand cross-pollinated 52 d after sowing (30 plants per morph). Seven hours after pollination, pollinated and unpollinated flowers (one flower per treatment and plant) were collected. Nectar was harvested, and flowers were fixed in FAA to check fertilization. After a water rinse, the flower styles were excised at their bases, treated with 1.0 M NaOH for 1 h, rinsed in distilled water, and crushed in 0.1% aniline blue solution (in KH 2 PO 4 1.0 M, pH 9.0). Pollen grains and pollen tubes were examined under a fluorescent microscope. The callosic walls and plugs of the pollen tubes fluoresce heavily under UV excitation (l ¼ 365 nm).
Sugar composition and concentration of nectar were analyzed by HPLC. Samples were collected on 25 plants per morph 8.5-11.5 h after the light was switched on for five consecutive days from the fifty-fourth day after sowing. The nectar was harvested in all open flowers of a plant until a final volume of 1.5-2.5 mL was obtained. The nectar samples were immediately frozen in liquid nitrogen and stored at ÿ80°C until analysis. Before HPLC analysis, the samples were diluted in 200 mL of ultrapure water and filtrated through a 0.2-mm acrodisc (hydrophilic) polyvinylidene difluoride membrane. Aliquots were injected into a Bio-Rad (Hercules, CA) HPLC system (model 2700 Solvent Delivery System, with a Model 7010 sample injector equipped with a 20-mL sample loop). The isocratic system was operated at 0.6 mL min ÿ1 using degassed ultrapure water as the mobile phase. Carbohydrate separation was achieved using a BioRad Aminex HPX-87C column (300 mm 3 7:8 mm i.d.) maintained at 80°C. A Carbo-C guard column (30 mm 3 4 mm i.d., Bio-Rad) was introduced between the injector and the analytical column. Detection was achieved via a Bio-Rad Refractive Index Monitor (model 1755). Retention time determination and quantification based on peak area were performed by Value Chrom software (Bio-Rad) integrating data from standard curves obtained using commercially Because sucrose/hexose ratio is considered a good estimator of insect attractiveness, this ratio was calculated by dividing the sucrose percentage by the sum of the fructose and glucose percentages.
Experiments Performed in Fields or in a Garden Parcel
Growing conditions. Experiments concerning pollinator behavior, pollen transfer, and plant yields were performed during three growing seasons in fields located in Brabant Wallon, Belgium (Centre A de Marbaix, Chaumont-Gistoux, 50°409200N, 4°389000E). Sowings (June 6, 2001; May 28, 2003; and June 28, 2004) were made in 1100-m 2 plots at a density of 40 kg ha ÿ1 . In 2004, seed set was additionally investigated using plants sown on June 2 in a garden parcel located in Biesme-sous-Thuin, Hainaut, Belgium (50°199000N, 4°179600E).
Honeybee behavior. In July 2001, honeybee behavior was observed in the course of 10-min observation censuses during four days on 1-m 2 quadrats located in the field trial. A total of 214 censuses were performed during sunny days (temperature >20°C). Times spent per flower, per inflorescence, per plant, and per quadrat, as well as the number of pin and thrum flowers visited per quadrat, were recorded. In July 2003, 44 different honeybee trips were surveyed during four mornings on sunny days. The choice of a morph (pin or thrum) and the time spent on each morph during sequential visits were noted.
Pollen limitation. To estimate open pollination, 66 flowers were collected in the field at different times (three periods: before 9:00 a.m., 9:00 a.m.-1:00 p.m., and after 1:00 p.m.) during three sunny days in July 2004. These flowers, conserved in FAA, were used to record pollen grains on stigmas and pollen tube growth in styles (as described above). The compatibility percentage was estimated by counting flowers that presented compatible pollen tubes at the base of their styles.
To test for pollen transfer limitation, supplementary hand cross-pollinations were performed in the field. 
Statistical Analyses
All statistical analyses were performed with the SAS statistical package (SAS Institute 1993). Analyses of variance in normally distributed data were performed with the general linear method procedures in SAS, version 9.1. Honeybee Ã P < 0:05 (one-way ANOVA).
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behavior (time spent and number of visited flowers) on thrum and pin flowers was analyzed using paired-sample t-tests. Correlation and regression analyses were performed to compare flower production and floral nectar secretion on both morphs and to examine the relationship between flowering phenology and nectar production. Means are given with their standard errors.
Results
Flowering Phenology, Floral Morphology, and Seed Weight
In both morphs, flowering phenology was similar ( fig. 1 ; r 2 ¼ 0:981, F ¼ 732:74, P < 0:0001). The first flowers opened ca. 1 mo after sowing, and the number of flowers reaching anthesis on a plant increased regularly during a further month before decreasing progressively until the end of the flowering period, 5 mo after sowing. No differences between morphs were detected in the number of inflorescences, cymes, and flowers (table 1) . Thrum flowers had taller stamens and produced larger but fewer pollen grains than pin flowers (table 1) . Pollen viability was high and similar for the two morphs (97%). No significant differences were observed in perianth diameter or nectary zone area between morphs. Seed weight was also similar.
Nectar Secretion and Composition
In flowers of both morphs, nectar flow increased constantly during the light period, until flower wilting ( fig. 2) , making possible comparisons of the two morphs by collecting nectar during the same limited period of time during the day. Consequently, in subsequent experiments, nectar harvest was always performed during a 2-h period starting 6.5 h after the light was switched on.
Nectar secretion by successive flowers reaching anthesis on the fourth inflorescence increased from the start of the flowering period of the plant, 1 mo after sowing, and culminated at flowering peak ( fig. 3) 2, 3 ). This higher production was recorded only during the first 5 wk after plants started to flower ( fig. 3) . Thereafter, nectar production decreased, and differences between the two morphs were no longer statistically significant.
Nectar production did not significantly differ between pollinated and unpollinated flowers (pin flowers: 0:089 6 0:008 and 0:089 6 0:010 mL, respectively, t ¼ 0:03, P ¼ 0:975; thrum flowers: 0:110 6 0:012 and 0:124 6 0:011 mL, respectively, t ¼ 0:85, P ¼ 0:398).
Nectar contained sucrose, glucose, and fructose and was hexose dominant (table 2). Total sugar concentration was Thrum: Before 9:00 a.m. 9 1.9 6 1.4 1.5 6 0.5 50.0 6 5.0 9:00 a.m.-1:00 p.m. 7 9.3 6 5.1 3.3 6 3.3 100 6 0 After 1:00 p.m.
14 18.6 6 3.8 3.7 6 0.4 100 6 0 Pin:
Before 9:00 a.m. 14 10.7 6 2.7 2.7 6 0.3 63.6 6 15.2 9:00 a.m.-1:00 p.m. 6 16.5 6 7.3 2.7 6 0.5 100 6 0 After 1:00 p.m.
13 43. Note. The compatibility percentages were estimated by recording the proportion of flowers that presented compatible pollen tubes at the bases of their styles. Data presented as means 6 SE; n ¼ number of flowers.
Ã P < 0:05 (two-way ANOVA, linear model).
857 similar in the two morphs, but sucrose concentration was significantly higher in nectar of thrum flowers. The sucrose/hexose ratio was therefore higher for thrum plants (table 2) .
Honeybee Behavior
Honeybee foraging activity (time spent per flower, inflorescence, plant, or quadrat) was not significantly affected by time of day, although fewer flowers (mainly, fewer pin flowers) were visited per trip after midday (table 3) . Honeybees spent more time on thrum than on pin flowers (an average of 61.4% of total foraging time; paired t-test: t ¼ 4:72, P < 0:0001), particularly in the morning, visiting more thrum inflorescences (t ¼ 4:14, P ¼ 0:0002) and more thrum flowers per inflorescence (t ¼ 2:82, P ¼ 0:0073) (table 4).
Pollen Deposition
Pollen deposition onto the stigmas and pollen tube growth greatly varied with time of day (F 3; 59 ¼ 14:23, P < 0:0001), increasing during the day (table 5) . Although fewer pollen grains were counted on stigmas of thrum flowers, similar numbers of pollen tubes were recorded in the two morphs.
Pollen Transfer Limitation
No significant differences (F 3; 46 ¼ 0:19; P ¼ 0:900) were observed in seed set between open-pollinated and hand crosspollinated flowers (table 6). Seed set was not affected by year or morph. It was consistently low (ca. 15%).
Seed Production
Seed production was far less in the garden parcel than in the field because of poor soil conditions. Nevertheless, in both locations, no significant differences were detected between morphs, even if pin plants produced more mature seeds than thrum plants (table 7) .
Discussion
Floral Morph Differences
A number of differences between the two floral morphs of buckwheat have been quantified in this study (fig. 4) . Thrum flowers have larger and fewer pollen grains than pin flowers, and our values were consistent with those reported in other studies on buckwheat or even on other distylous species (Ganders 1979; Marshall and Pomeranz 1982; SamborskaCiania et al. 1989; Namai and Fujita 1995) . Our results also indicated that thrum flowers produce more nectar than pin flowers. Sexual differences in nectar production have been found in several monoecious, dioecious, and protandrous species, but usually no difference in nectar production has been found between morphs in distylous species (Sobrevila et al. 1983; Pérez-Nasser et al. 1993; Passos and Sazima 1995; Ree 1997; Contreras and Ornelas 1999; Leege and Wolfe 2002; Lau and Bosque 2003) . Only Ornelas et al. (2004) and Teixeira and Machado (2004) showed that pin flowers of Palicourea padifolia and Psychotria barbiflora secreted more nectar than thrum flowers.
In our growth chamber experiments, total sugar concentration of flower nectar was similar for the two morphs, averaging 55%, which is higher than reported for field-caged plants (Lee and Heimpel 2003) . Sucrose, glucose, and fructose were detected by HPLC. The two hexoses were the major components in both morphs, and sucrose concentration was higher in thrum flowers than in pin flowers. Buckwheat nectar could thus be classified as a hexose-rich type according to Percival's classification (Percival 1961) . Muehlenbeckia complexa, the only other Polygonaceae in which nectar composition has been analyzed, is also a hexose-rich type (Percival 1961) .
We did not find any other significant differences between the two floral morphs of buckwheat, although Komenda et al. (1986) mentioned that the perianth size was generally Note. Data were collected in two consecutive years and are presented as means 6 SE; n ¼ number of inflorescences (three-way ANOVA, linear model, significance at P < 0:05). Note. Data presented as means 6 SE; n ¼ number of plants per morph (t-test, significance at P < 0:05).
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INTERNATIONAL JOURNAL OF PLANT SCIENCES larger in thrum flowers than in pin flowers. Some authors also reported that thrum plants produced more seeds or heavier seeds than pin plants (Komenda et al. 1986; Lee 1986; Namai 1990 ).
Morph Differences and Honeybee Behavior
Honeybees preferred thrum flowers: they spent more time per flower and visited more flowers per inflorescence on thrum than on pin plants. In this study, honeybee foraging activity was apparently correlated with nectar production, which was higher in thrum flowers and increased during the course of a plant's life, culminating at full blooming, when nectar secretion was found to be maximal in this study. Flowers producing higher quantities of nectar are expected to attract higher numbers of visitors (Ornelas et al. 2004) . Greater attractiveness of thrum flowers compared to pin flowers could also be related to their production of larger pollen grains with higher starch content (Tatebe 1954) . No direct relationship has been established between particular sucrose/hexose ratios or total sugar concentration and honeybee attraction (Percival 1961; Dafni et al. 1988 ). According to Eickwort and Ginsberg (1980) , however, Apidae seem to prefer 30%-50% sugar in nectar. However, these insects could also be attracted by more dilute nectars (Baker and Baker 1983) . Moreover, Percival (1961) did not find honeybee preference among several sucrosefructose-glucose combinations. 
Pollination and Seed Set
In our experiment, despite their better pollinator attraction, thrum flower stigmas captured fewer pollen grains than those of pin flowers (fig. 4) . Such asymmetric pollen deposition is common in distylous species, with a majority of them showing greater compatible pollen deposition on pin stigmas (Ganders 1979; Dulberger 1992; Bjö rkman 1995a) . Pin stigmas are usually considered to be more accessible to pollinators (Ganders 1979; Dulberger 1992; Massinga et al. 2005) .
In our experiments, hand pollinations did not increase seed set compared to open pollinations, suggesting that pollen transfer was not limited in buckwheat in the field. This result was unexpected because a majority of self-incompatible species are affected by pollen transfer limitation, showing an increase in seed/ovule ratios after hand cross-pollinations (Baker et al. 2000; Griffin and Barrett 2002; Ashman et al. 2004; Darrault and Schlindwein 2005) . That seed set in the field remained poor (ca. 15%), even after hand crosspollinations, was surprising. Factors other than the total amount of compatible pollen delivered to stigmas have yet to be considered to account for this reduced fertility. Prior pollination events by pollinators or prior self-pollination, which have been reported to prevent subsequent hand crosspollination success in various species (Waser and Price 1991; Broyles and Wyatt 1993; Barrett 2002) , could not apply in our study because cross-pollinations were performed early in the morning and increases in pollen deposition and pollen tube growth were still observed at the beginning of the afternoon. An alternative explanation for the low seed set could be linked to the status of the unfertilized flowers. Indeed, it could be that not all ovules produced were viable and therefore capable of being cross-fertilized. According to Taylor and Obendorf (2001) , ca. 20% of megagametophytes appeared to be defective in buckwheat at anthesis, and fertilization is a limiting process. Structural and functional assays of ovules and early embryo development are needed to determine whether such impediments to seed production similarly occur under our cultural conditions. Finally, resource limitation has been shown to contribute to reduced seed set in a number of outcrossing species (Campbell and Halama 1993; Morales and Galetto 2003) and could thus be implicated in the low seed production recorded in buckwheat.
In conclusion, this study established that, despite induced honeybee preference for thrum flowers, seed set in the two morphs of buckwheat was similar. Since seed set remained at a low level, although there was no pollen limitation, further studies on factors governing female fertility are required. These studies should include manipulations of resource levels and analyses of ovule viability or possible cryptic early abortion processes.
